ABSTRACT: Due to its impact on society, the design of new drugs has the potential to interest a wide audience, and provides a rare opportunity to introduce several concepts in chemistry and biochemistry. Drug design can be seen as a multiobjective cyclic optimization process. Indeed, it is important to develop the understanding not only that a drug is generally an effective ligand for a protein of therapeutic interest, but also that these molecules need to have drug-like properties. Computer-aided drug design and bioinformatics approaches play a fundamental role in addressing these different challenges. Here we introduce a new freely available integrated web-based educational tool, Drug Design Workshop, which presents the basics of drug design and provides anyone with access to computational methods and resources to conceive and evaluate molecules for their potential to become actual drugs. We provide 3 examples of drug design targets for the discovery of common or state-of-the-art drugs, which can be used by educators to introduce easily the different concepts related to drug discovery: anti-inflammatory agents and drugs for immunotherapy or targeted cancer therapy. Since 2015, the workshop has been successfully given to over 1,500 people. The Web site was optimized on the basis of the positive and constructive comments from high-school teachers and students (15−19 years old).
■ INTRODUCTION
The design and production of drugs is a field in which chemistry has had a favorable impact on life expectancy and quality over the past century. 1, 2 As such, this field provides a rare opportunity to introduce several concepts in chemistry and biochemistry to a large audience.
It is widely known that the design and development of a new drug generally costs more than 1 billion dollars in total and takes at least 10 years, 3, 4 while, despite all these efforts, only a very limited number of drug discovery projects will lead to the actual release of a new drug. 5, 6 Several technologies have been developed to rationalize the process by reducing duration, cost, and attrition rate, one of which is computer-aided drug design (CADD).
7−10 CADD uses computing resources, algorithms, and 3D-visualization to help generate rational ideas about how to create or modify molecules, and to make decisions in the execution of the drug design process.
Whereas the general audience is aware of the overall concept and global cost of drug discovery and development, usually little is known about the actual challenges and the role played by CADD. To address this, we present a new freely available web-based educational tool, which introduces the basics of drug design and provides anyone with access to simple computational methodologies to conceive and evaluate molecules for their potential to become actual drugs.
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Although macromolecular entities, such as antibodies, can act as therapeutic agents, in this report we will consider that drugs are small organic molecules that activate or inhibit the function of a biomolecule, generally a protein, which in turn results in a therapeutic or prophylactic benefit to the patient. Nature has been the most important source of medicinal agents for centuries. Many useful drugs were developed from plant products, including for instance morphine from Poppy Papaver for pain management, quinine from Cinchonae tree's bark as an antimalarial drug and muscle relaxant, or paclitaxel (also known as taxol) from the Pacific yew tree Taxus brevifolia for cancer therapy, to name a few. While natural molecules are still a major source of inspiration for drug design, only 6% of the small-molecule drugs developed over the past decades are purely natural products, unmodified in structure. Other compounds comprise natural product derivatives containing synthetic modifications (27%), synthetic molecules inspired by natural products (32%), and brand new structure synthetic compounds (35%). 12 In other words, 94% of the newly released drugs have, at the very least, necessitated chemical modifications either to increase affinity and selectivity for the protein target, to correct absorption distribution metabolism or excretion (ADME) and toxicity problems, or to circumvent an intellectual property (IP) issue. Although serendipity has had an important role in many therapeutic advances, rational design including CADD has become a major factor in producing new treatments. 13 The vast majority of the drugs developed recently have benefited to various extents from computer-aided approaches as introduced below.
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■ BASIC PRINCIPLES OF COMPUTER-AIDED DRUG DESIGN CADD technologies can be classified into two main categories: structure-based and ligand-based approaches.
Structure-based approaches make use of the three-dimensional structure of the protein target when it is available, or can be reliably modeled. 14 We generally consider that molecular docking is the cornerstone of structure-based drug design, of which anti-influenza drugs zanamivir (Relenza) and oseltamivir (Tamiflu) are among the most salient successful applications. 15, 16 The first and most basic objective in structure-based drug design is indeed to predict whether a given small molecule will bind to a chosen protein target and, if so, what will be the strength of this molecular recognition. The first goal can be achieved using a so-called docking program, whose aim is to predict the most probable geometry and position of a small molecule at the surface of a protein by optimizing the interactions between both molecular partners. 8 Many docking programs are freely available and can be used for educational purposes, including web-based tools such as SwissDock.ch, 17 or downloadable programs such as Autodock 18 and Autodock Vina. 19 The concept of molecular docking is very intuitive and can be easily introduced to the general audience. For example, we obtained good results using scaled 3D-printed models of cyclooxygenase (COX) and ibuprofen, a well-known antiinflammatory drug that binds to COX. The COX model can be opened, exposing the binding site that accommodates ibuprofen. Then, students (even youngsters) are invited to manually perform the docking of ibuprofen into COX ( Figure  1 ). Although this manual positioning neglects the difficulties encountered when accounting for the flexibility of both the protein and the ligand, it shows the challenges of the process, and the necessity to automatize the approach using computer algorithms to possibly treat a large number of molecules to dock.
The second goal, i.e., determining the strength of binding of the small molecule to the protein, can be achieved using a binding free energy estimator. Several computer-aided approaches are available for this purpose. 8 They are generally based on high-level methods involving concepts in physical chemistry and statistical physics. However, this theoretical complexity can be hidden behind the simple notions of fitness or scoring. Docking software usually provides a crude estimation of this binding free energy, which can be presented simply to users as a score (without physical or chemical meanings) to optimize.
Basically, drug design consists of the conception of molecules that are complementary to the protein target in terms of 3D-shape and charge distribution, to optimize molecular recognition and binding. Through prediction of molecular recognition and binding affinity, molecular docking opens the road to in silico design and optimization of virtual compounds.
On the contrary, ligand-based approaches rely on the knowledge implicitly contained in the chemical structure or physical properties of other molecules that bind to the biological target of interest. Typically, this knowledge can be extracted, analyzed, and used to create predictive models using machine-learning technologies, under the name quantitative structure−activity relationships (QSAR) if the objective is to create new ligands and/or predict their activity, or quantitative structure−properties relationships (QSPR) if the objective is to Figure 1 . As a clear example of the molecular docking concept, educators can let participants dock a drug in the binding site of the protein target manually. Both the drug and the protein must be printed in 3D at the same scale. Here, we selected an example related to the first online workshop: an anti-inflammatory drug (ibuprofen in yellow) to be placed inside the cyclooxygenase 1 protein (COX1 in white). The printed protein model can be opened, exposing the ibuprofen binding site. The protein file, retrieved from the protein databank (PDB), 43 can be converted into a 3D-object and saved as STL, VMRL, or X3D files compatible with most 3D-printers, by using a molecular visualization software such as UCSF Chimera. predict molecular properties in relation to lipophilicity, 21 drug likeness, or pharmacokinetics 22 (PK), for example. These molecular properties are fundamental in drug design. Indeed, although a high affinity for the protein target is essential, it is not sufficient for the designed small molecule to become a drug: to obtain a therapeutic effect, the molecule needs to reach its target in the body, and stay there long enough for the expected biological events to occur. Therefore, to support efficiently the design of new drugs, it is important to predict their PK behaviors with computer-aided approaches.
In addition to QSAR and QSPR, another set of ligand-based approaches rely on the commonly accepted assumption that very similar small molecules are more likely to be active on the same target. Such approaches can be used to perform molecular screening, i.e., searching for molecules similar to known active compounds and potentially also active on the same target, or reverse screening, i.e., deducing the potential protein targets of a given molecule by identifying similar existing compounds for which the activity is experimentally known. 23−25 This reverse screening can be of high interest to predict potential secondary targets of small molecules, i.e., proteins to which a small molecule will be able to bind although it was developed to target another macromolecule. These secondary targets can be at the origin of the negative side effects of small molecules, but on the contrary can also open the way to positive drug repurposing, i.e., finding another possible application to an existing drug. 26, 27 ■ PEDAGOGICAL OBJECTIVES Approaches, methodologies, and technologies involved in computational chemistry, chemoinformatics, bioinformatics, and molecular modeling, and generally in CADD, have a wide scope of application, but their teaching remains limited, even at an advanced academic level. 28 Several remarkable educational protocols have been proposed to achieve the objective of teaching how to properly perform drug discovery tasks with existing computational tools to future professionals in pharmaceutical research. Of note is the well-structured, thorough course by Tsai, 29 which includes different modules, lectures, and practical sessions encompassing many facets of CADD. More recently, Rodrigues et al. provided a comprehensive technical course of drug design. 30 Other educational programs emphasis more on virtual screening 31 or ADME 32 aspects. Moreover, some studies have demonstrated the positive impact of using tridimensional molecular graphics visualization for the perception of complex molecular properties. 33, 34 All of these excellent teaching materials imply multiple methodologies based on a combination of web and standalone software. Whereas this has the merit to make the student face the technical hurdles of the discipline (e.g., incompatibility of file formats, irreproducibility of implementations, instability of multiple computer platforms), we believe this can prevent reaching the pedagogical goals of teaching the global concepts of the drug design process, especially at the high-school level. Not surprisingly, the above-mentioned courses and sessions are merely dedicated to upper-level undergraduate students. A noticeable exception is the e-malaria project, which was used to introduce high-school students to drug design in a real-life context. 35 Unfortunately, this latter endeavor faced licensing and confidentiality issues that required a complex hardware and network infrastructure along with an account login procedure. Together with significant computational time, this lack of flexibility hinders the trial-and-error cyclic process, which we consider key to appreciating the basis of molecular design.
By leveraging our expertise in designing expert CADD services, 17,24,36−39 we took advantage of today's opportunities provided by web technologies and open-source resources to develop the fully integrated, flexible educational tools described below for a broader audience, including high-school students, high-school teachers, undergraduate students, and the public at large.
11 This web-based teaching environment reduces technical difficulties to the minimum, allowing several pedagogical objectives to be reached.
First, it is useful to remind or inform the general audience that, in conventional medicine, a drug is a small molecule, most of the time synthesized by organic chemistry, which interacts with a biological macromolecule to generate the therapeutic effect. This concept is the essence of drug design and must be understood at the beginning of the Drug Design Workshop. In contrast, it can also serve as a starting point for a discussion regarding the differences between conventional (also known as allopathic) and homeopathic medicine.
Second, we consider it important to state that the design of new drugs is a collective effort necessitating the close collaboration of several different scientific backgrounds including not only biology, medicine, pharmacy, and biochemistry, but also chemistry, molecular modeling, and bioinformatics.
Third, we would like to introduce the key concept that drug design is a multiobjective optimization process whose aim is to create compounds with not only a high affinity for the target but also optimal pharmacokinetics properties. This requires access to professional scientific web-based tools and necessitates the guidance of an expert in the field or an educator trained in these specific topics.
A fourth objective is to explain that computer-aided drug design activities consist of the usage of several diverse structurebased and ligand-based approaches, to predict and evaluate all fundamental characteristics necessary for a molecule to become a drug: e.g., complementarity and affinity for the target, fate inside the organism, along with possible side effects and toxicity.
Finally, we would like to state that drug design is generally a cyclic optimization process, which gathers knowledge obtained from the first molecules in order to design better compounds in the next rounds and converge toward drug-candidates. From our experience and from teacher feedback, high-school students are very smoothly engaged with and attracted by the challenged of iteratively generating a molecule with the highest score on a given target. Positive emulation and competition in classrooms were frequently observed and reported.
■ DESIGN OF THE WORKSHOP AND NEW EDUCATIONAL TOOLS Short Movie Describing the Role of Bioinformatics in Drug Design
First, with the help of professional graphic designers from Studio KO, 40 we produced a short movie to introduce the concepts mentioned in the pedagogical objectives, but also to recall the nature and definition of a protein. The movie also links diseases to possible over-or underexpression of proteins, or to protein mutations leading to malfunction. This allows the introduction of the notion that a drug is generally a small molecule able to bind such proteins and lead to the therapeutic Second, we created a simple and integrated web interface to perform the basic steps of CADD. As for real drug design, this online tool allows for performance of multiple iterative cycles of molecular optimization, taking into account the complementarity of the designed molecule for the target. In a second step, different properties regarding ADME, toxicity, and secondary targets (Figure 2 ) may be considered.
For this, we have selected three relevant protein targets for drug design: the cyclooxygenase (two isoforms: COX1 and COX2), B-Raf, and indoleamine 2,3-dioxygenase 1 (IDO1). COX1/2 are the targets of the very well-known nonsteroidal anti-inflammatory drugs (NSAID) like ibuprofen or diclofenac, which are commonly used to treat inflammation, pain, and fever. COX1/2 can be used to make a link between the concepts introduced during the workshop and a medication that everyone has already used. COX1/2 is also a good model to introduce the notion of selectivity for the target. Indeed, COX1 plays an important role in blood coagulation and in protecting the gastric lining, while COX2 is produced locally in the inflamed tissue, and is directly responsible for the sensation of pain. Recent efforts led to the design of ligands specific for COX2, which once targeted becomes responsible for the therapeutic effect, thus avoiding COX1 which is responsible for the side effects of the classical NSAIDs. Users are invited to design selective ligands by following the example of celecoxib, a selective COX2 inhibitor. by the optimization of a newly discovered inhibitor (PIM) to obtain a drug candidate (MMG-0358). Several cycles of optimization can be performed, during which the molecules are drawn by the users, automatically docked into the protein, scored for molecular complementarity, and analyzed for some ADMET properties and possible secondary targets. All technical aspects have been simplified and can be performed by one-click or drag-and-drop actions. NLG-919, L1MT, and AMG-1 are other known ligands of IDO1 used as examples in the workshop and defined in the Web site.
B-Raf is a kinase whose mutants commonly cause cancer by excessive stimulation of cell growth. Inhibitors of the V600E B-Raf mutant, a form often found in melanoma cells, were recently introduced for the treatment of late-stage melanoma. Molecules such as vemurafenib, a specific inhibitor of V600E B-Raf, were among the first drugs to trigger an efficient response against this type of skin cancer. This target protein thus provides an example of a recent success story of drug design in the targeted therapy of cancer. Possibly, it can also be used to open a discussion on personalized medicine. Indeed, in case of melanoma cells not bearing the V600E mutation of B-Raf, vemurafenib was proven to be deleterious as the drug favors tumor growth. 41 Therefore, its prescription can only be made upon sequencing the BRAF gene of the patient's cancer cells to ascertain the presence of this sequence alteration.
IDO1 is an enzyme that catabolizes tryptophan, and is used by cancer cells to shun the immune system. Therefore, inhibitors of IDO1 could be of major interest for cancer immunotherapy, 42 and evaluated for coadministration with other agents that inhibit immune escape of cancer cells (e.g., monoclonal antibodies ipilimumab or nivolumab). IDO1 is thus an elegant opportunity to delineate the relationship between CADD and the latest state-of-the-art discoveries in cancer treatment.
The biological contexts corresponding to the abovementioned targets are introduced and summarized online in our Web site.
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Online Drug Design Workshop: Experiencing the Drug Design Process
For each target, we selected representative well-known approved or experimental drugs, whose binding modes are available in the Protein Databank, 43 or were precalculated using the Autodock Vina docking program.
19 Figure 3 shows the input page of the Drug Design Workshop Web site. Images representing the 3D-structure of target proteins are displayed on the left, and the 2D chemical structures of typical drugs are 
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Article available in boxes, on the right. To visualize the complex between the protein target and one preselected drug, the user simply needs to drag the drug image and drop it on the protein image. The corresponding complex will be immediately displayed as an interactive 3D-session in the user's web browser thanks to the JSmol molecular visualization applet. 44 To design a molecule, the user is invited to click on the "Design your own molecule" box. This will open the Marvin4JS molecular sketcher 45 to draw a new virtual molecule. To simplify the process for users with little experience in organic chemistry, the sketcher can be filled automatically with one of the preselected drugs, by clicking on the corresponding "down" red arrow. Then, the user can modify these molecules within the sketcher. Thanks to this simplified process and the ability of the sketcher to indicate inconsistencies in chemical structures, we have experienced that even users without any knowledge of organic chemistry are capable of drawing relevant molecules.
Once the new molecule has been drawn and the "Done" button clicked, its image will appear on the corresponding box, and it is available for drag-and-drop. If the user requires the visualization of the complex between a target and a designed ligand, the molecule is automatically docked with Autodock Vina, after determination of the most probable microspecies (protonation state and tautomer) at physiological conditions. For the sake of simplicity, these steps are performed without any intervention from the user. Docking calculations can be time-consuming. Therefore, to allow the workshop to be executed on any computer, calculations are not performed on the user's workstation (desktop or laptop), but on one of our multicore machines, managed by a queuing system that allows several docking calculations in parallel. Users are informed about the waiting list and duration of the calculation. In our practice, this setup allows up to 15 users to perform basic operation of drug design at the same time and in good conditions. 
Article Binding modes of the existing or virtual compounds in the protein target are displayed on a dedicated page, which also provides a score that evaluates the strength of the binding (Figure 4 ). This score is in fact the opposite of the binding free energy estimated by the Autodock Vina docking software. We chose to use this score rather than the actual binding free energy since it is easier for the user to follow the idea that "the larger the score, the better the ligand" rather than the more confusing notion that "the more negative the binding free energy, the better the ligand". Of course, this modification can be explained to more advanced students. For each compound, the calculated score of the designed molecule is compared to those of the preselected drugs, allowing the user to compete with "real drugs" in terms of affinity for the therapeutic target. We have experienced that this score creates a powerful incentive for the users to create better molecules, and thus to enter naturally and seamlessly into the typical iterative optimization cycle, which is one of the fundamental processes of CADD. It is noteworthy that the docking engine used involves a stochastic algorithm, which is necessary for having docking results quickly enough for true interactivity (approximately between 30 s to 3 min, depending on the size of molecule and binding site). Whereas reproducibility cannot be ensured, we have set parameters to maximize convergence. As a result, docking with Drug Design Workshop returned a significantly different binding mode in only 5−10% of the runs (related mainly to molecule flexibility and binding site size). To gain confidence in the predicted binding mode, it is advised to run the same docking several times or in some cases compare the results obtained by each student in the classroom.
The usage of the Web site is supported by help pages and FAQs providing technical guidance.
Online Drug Design Workshop: Introducing the Multiobjective Character of Drug Design
The above-mentioned cyclic optimization process is limited to the enhancement of the affinity of the ligand for the protein by using a structure-based approach. As we discussed above, one pedagogical objective is also to introduce the multiobjective nature of the optimization process in (computer-assisted) drug design. This implies that, besides affinity, the pharmacokinetic and the pharmacodynamic properties of the small molecule are also to be optimized. To this end, we enable a seamless oneclick submission of the user's molecule from the Drug Design Workshop to SwissTargetPrediction 24 or to SwissADME. 22 Both these online tools are in-house research-grade web services developed to predict possible targets, ADME, or 46 which was used to build the predictive model of protein targets for small molecules. 47 toxicity properties of small drug-like molecules. Both rely on ligand-based approaches, allowing an introduction to this type of technology for the most advanced users. SwissTargetPrediction provides a list of the 15 most probable protein targets for the small molecule under consideration, giving an estimate of the selectivity of the molecule and a prediction of potential side effects ( Figure 5 ). SwissADME calculates numerous molecular properties related to, e.g., pharmacokinetics, druglikeness, physicochemistry, and synthetic accessibility ( Figure  6 ). Of note, SwissADME models include the BOILED-Egg that we developed to predict the propensity of small molecules to be absorbed by the gastrointestinal tract or to access the brain. . Output page of SwissADME, obtained upon one-click query from the Drug Design Workshop Web site. The upper panel shows the BOILED-Egg, a graphical classification model to predict gastrointestinal absorption (HIA, white ellipse) and permeation through the blood−brain barrier (BBB, yolk). 22 The position of the molecule on this panel is shown as a dot, whose color reflects the prediction for the molecule to be the substrate of the multidrug resistance protein "P-glycoprotein 1" (PGP). The lower panel compiles all predicted ADME parameters for the molecule under study.
These predictions are made simply by plotting the small molecule on a 2D graph based on the lipophilicity and polarity of molecules, where the regions containing molecules able to cross specific biological barriers (gastrointestinal wall or bloodbrain barrier) are delineated by ellipses ( Figure 6 ). Thanks to simplicity and speed, the BOILED-Egg model is of great support for the users to apprehend the concepts of absorption and distribution, and to figure out what type of chemical modifications must be made to the small molecule to obtain the desired absorption and distribution, in an intuitive and iterative way.
The results from SwissTargetPredicition and SwissADME, notably the BOILED-Egg model, can be useful for Drug Design Workshop users through the guidance of experts in the field or educators previously trained in the topic. This information can be fruitfully taken into account during the global optimization process of one's own molecule, providing a better overview of the multiobjective character of CADD.
■ DISCUSSION
During the last two years, approximately 900 high-school students, 15−19 years old, attended this computer-aided drug design workshop, in about 50 different sessions. We proposed an anonymous online feedback form to the students with the aim of regular improvement. Student feedback was very satisfactory, with an overall appraisal of 5.11/6.00 based on 209 evaluations by pairs of users. Of note, students particularly appreciated the opportunity to use "professional" bioinformatics tools (5.30/6.00) and said they had learned a lot about drug design and CADD during the session (5.23/6.00). In view of these encouraging experiences, we decided to provide training to teachers who could use this material as a support for biology or chemistry classes.
In our experience, thanks to the simplicity of the userfriendly Web site and molecular sketcher, but also the incentive provided by the affinity score, the younger users also appreciate the workshop, even if they have little or no experience in organic chemistry. Due to the versatility of the approach, which provides an opportunity to introduce a large number of different concepts of CADD in relation to the users' backgrounds, we also successfully used this workshop as a rapid and simple hands-on introduction to the cyclic iterative optimization process in drug design for students from the doctoral school of pharmaceutical sciences from the University of Geneva or to bachelor and master students in biochemistry from the University of Fribourg, Switzerland.
Since the workshop requires very little material, i.e., a few standard computers connected to the Internet, it is easy to give it not only directly in schools but also during scientific exhibitions: hundreds of visitors have had the opportunity to successfully experience the early stages of designing drugs during various science fairs. In addition, the workshop has also been implemented into public laboratories and educational platforms, such as the Chimiscope of the University of Geneva 49 and l'Eprouvette of the University of Lausanne, 50 Switzerland.
Although high-school students and teachers are certainly our main target, those who have participated in our workshop, from families to doctoral students, have always shown great interest and enthusiasm whatever their scientific background and level. The subject not only is timely, but also concerns each and every one. Our workshop provides a simplified view of complex notions and allows a wide audience to discover the key stages in drug discovery as well as the importance of bioinformatics in life science today. 
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